Study of the kinematic dependences of Λ 0 b production in pp collisions and a measurement of the Λ 0 b → Λ + c π − branching fraction
Introduction
Measurements of beauty hadron production in high-energy proton-proton (pp) collisions provide valuable information on fragmentation and hadronisation within the framework of quantum chromodynamics [1] . The study of beauty baryon decays also provides an additional channel for investigating CP violation [2] . While significant progress has been made in the understanding of the production and decay properties of beauty mesons, knowledge of beauty baryons is limited.
The relative production rates of beauty hadrons are described by the fragmentation fractions f u , f d , f s , f c and f Λ 0 b , which describe the probability that a b quark fragments into a B q meson (where q = u, d, s, c) or a Λ 0 b baryon, respectively, and depend on the kinematic properties of the b quark. Strange b baryons are less abundantly produced [3] and are neglected here. Measurements of ground state b hadrons produced at the pp interaction point also include decay products of excited b hadrons. In the case of B mesons, such excited states include B * and B * * mesons, while Λ The present paper uses a data sample, corresponding to an integrated luminosity of 1 fb −1 of pp collision data at a centre-of-mass energy of 7 TeV, collected with the LHCb detector. This is a substantially increased data sample compared to that in Ref. [7] . The analysis aims to clarify the extent and characteristics of the p T dependence of
Moreover, the dependence of f Λ 0 b /f d on the pseudorapidity η, defined in terms of the polar angle θ with respect to the beam direction as − ln(tan θ/2), is studied for the first time. The analysis covers the fiducial region 1.5 < p T < 40 GeV/c and 2 < η < 5.
The hadronic decays Λ 
− branching fraction is poorly known [10] , they can be used to measure the dependence of f Λ 0 b /f d on the b-hadron kinematic properties to high precision. This is achieved by measuring the efficiency-corrected yield ratio R in bins of p T or η of the beauty hadron
where N is the event yield, is the total reconstruction and selection efficiency, and x denotes p T or η. The quantity R is related to
where S is a constant scale factor. 
Detector and simulation
The LHCb detector [12] is a single-arm forward spectrometer covering the pseudorapidity range 2 < η < 5, designed for the study of particles containing b or c quarks. The detector includes a high-precision tracking system consisting of a silicon-strip vertex detector surrounding the pp interaction region, a large-area silicon-strip detector located upstream of a dipole magnet with a bending power of about 4 Tm, and three stations of silicon-strip detectors and straw drift tubes placed downstream. The combined tracking system provides a momentum measurement with relative uncertainty that varies from 0.4% at 5 GeV/c to 0.6% at 100 GeV/c, and impact parameter resolution of 20 µm for tracks with large p T . Different types of charged hadrons are distinguished by information from two ring-imaging Cherenkov detectors. Photon, electron and hadron candidates are identified by a calorimeter system consisting of scintillating-pad and preshower detectors, an electromagnetic calorimeter and a hadronic calorimeter. Muons are identified by a system composed of alternating layers of iron and multiwire proportional chambers.
The trigger consists of a hardware stage, based on information from the calorimeter and muon systems, followed by a software stage, which applies a full event reconstruction. The events used in this analysis are selected at the hardware stage by requiring a cluster in the calorimeters with transverse energy greater than 3.6 GeV. The software trigger requires a two-, three-or four-track secondary vertex (SV) with a large sum of the p T of the particles and a significant displacement from the primary pp interaction vertices (PVs). At least one charged particle should have p T > 1.7 GeV/c and χ Simulated collision events are used to estimate the efficiency of the reconstruction and selection steps for signal as well as background b-hadron decay modes. In the simulation, pp collisions are generated using Pythia [13] with a specific LHCb configuration [14] . Decays of hadronic particles are described by EvtGen [15] , in which final-state radiation is generated using Photos [16] . The interaction of the generated particles with the detector and its response are implemented using the Geant4 toolkit [17] as described in Ref. [18] .
Event selection
− decays have the same topology, the criteria used to select them are chosen to be similar. This minimises the systematic uncertainty on the ratio of the selection efficiencies. Following the trigger selection, a preselection is applied using the reconstructed masses, decay times and vertex qualities of the b-hadron and c-hadron candidates. Further separation between signal and background is achieved using a boosted decision tree (BDT) [19] . The BDT is trained and tested on a sample of B 2 . The ratio of selection efficiencies is evaluated using simulated events.
The
+ decay is generated using the known Dalitz structure [21] , while the Λ + c → pK − π + decay is generated using a combination of non-resonant and resonant decay modes with proportions according to Ref. [22] . Interference effects in the Λ + c decay are not taken into account. Consistency checks, using a phase-space only model for the Λ + c → pK − π + decay, show negligible differences in the relative efficiencies. The distributions of the input variables to the BDT are compared in data and simulation. Good agreement is observed for most variables. The largest deviation is seen for quantities related to the track quality. The simulated events are reweighted so that the distributions of these quantities reproduce the distributions in data.
The final stage of the event selection applies particle identification (PID) criteria on all tracks, based on the differences in the natural logarithm of the likelihood between the pion, kaon and proton hypotheses [23] . The PID performance as a function of the p T and η of the charged particle is estimated from data. This is performed using calibration samples, selected using only kinematic criteria, and consisting of approximately 27 million
− decays for kaons and pions, and 13 million Λ → pπ − decays for protons. The size of the proton calibration sample is small at high p T of the proton and does not allow a reliable estimate of the efficiency of the proton PID requirement in this kinematic region. Hence, proton PID criteria are only applied to candidates restricted to a kinematic region in proton momentum and pseudorapidity corresponding to low-p T protons. Outside of this region, no PID criteria are imposed on the proton.
The ratio of total selection efficiencies, Fig. 1 . Fluctuations are included in the calculation of the efficiency-corrected yield ratio. To improve the mass resolution, the value of the beauty hadron mass is refit with the invariant mass of the charm hadron constrained to its known value [10] . Example fits in the p T bin with the lowest fitted signal yield and in an arbitrarily chosen η bin are shown in Fig. 2 for Λ hadrons, that combine with a random pion. The combinatorial background is modelled with an exponential shape. The slope is fixed in the fit in each kinematic bin to the value found from a fit to the total sample.
Event yields

Results
The study of the dependences of f − decays are performed using candidates restricted to the fiducial region 1.5 < p T < 40 GeV/c and 2 < η < 5. A discussion on the systematic uncertainties related to these measurements can be found in the next section.
The ratio of efficiency-corrected event yields as a function of p T is shown in Fig. 3(a) , and is fitted with an exponential function, The correlation between the parameters leads to a relatively large apparent uncertainty on the individual parameters. Systematic uncertainties are not included in this matrix. The χ 2 /ndf value of the fit is 23.3/17, which corresponds to a p-value of 0.14. The η dependence is described by a linear function, where the first uncertainties are statistical and the second systematic. The offset η is fixed to the average value of the measured η distribution. The correlation between the two fit parameters is negligible for this choice of η. The χ 2 /ndf value of the fit is 13.1/8, corresponding to a p-value of 0.11.
To extract the scale factor S given in Eq. (2), the normalisation of R(x), with fixed parameters a, b and c, is allowed to vary in a fit to the published
, as shown in Fig. 3(b) . The result quoted in Ref. where the statistical and systematic uncertainties associated with the hadronic and semileptonic measurement are shown separately. The χ 2 /ndf value of the fit is 8.68/3, which corresponds to a p-value of 0.03.
By multiplying the ratio of the efficiency-corrected yields R with the scale factor S, the dependences of f Λ 0 b /f d on p T and η are obtained. The p T dependence is described with the exponential function The η dependence is described by the linear function Table 1 .
The uncertainty due to the modelling of the signal shape is estimated by replacing the modified Gaussian with two modified Gaussians, which share the same mean but are allowed to have different widths. In addition, the parameters that describe the tails are Table 1 : Relative systematic uncertainties for the measurements of R(x) (first five columns) and B(Λ 0 b → Λ + c π − ) (last column). The uncertainties from the various sources are uncorrelated and added in quadrature to obtain the total uncertainty. Sample size refers to the size of the simulated events sample. varied by ±10% relative to their nominal values, which is the maximum variation found for these parameters when leaving them free in the fit. This affects the ratio of yields by a maximum of 0.3%. A possible variation of the slope of the combinatorial background shape across the bins is observed in a data sample of Λ + c π + candidates. To account for this, the slope is varied from ±50% in the lowest p T or η bin to ∓50% in the highest p T or η bin. The signal yield ratio varies by less than 1%, with the exception of one p T bin which shows a variation of approximately 2%.
The uncertainty on the shapes of partially reconstructed backgrounds is estimated by modelling them with a non-parametric distribution [24] for Λ − decay mode and no systematic uncertainty is assigned. The uncertainty on the PID efficiency and misidentification rate is estimated by comparing the PID performance measured using simulated D * and Λ calibration samples with that observed in simulated signal events. The efficiency ratio varies by between 1% and 4% across the bins.
As discussed in Sec. 3, the simulated events are reweighted so that the distributions of quantities related to the track quality match the distributions observed in data. The systematic uncertainty on the selection efficiency is obtained by recalculating the efficiency without this reweighting. The yield ratio varies by between 0.2% and 6%. In addition, there is a 5% statistical uncertainty per bin due to the simulated sample size, which is uncorrelated across bins.
The uncertainty due to the trigger efficiency, caused by possible differences in the response to a proton compared to a charged pion in the calorimeter, is estimated to be about 0.4%, taking into account that at most 10% of the events containing Λ 
Conclusions
The dependences of the production rate of Λ 
